G
lucose metabolism is commonly impaired in individuals with advanced liver disease, primarily as a result of increased peripheral insulin resistance and diminished insulin secretion.
(1,2) As many as 80% of patients with cirrhosis have some degree of glucose intolerance, with up to one third manifesting overt diabetes mellitus. (3) (4) (5) In the majority of patients with cirrhosis, the observation that glycemic control markedly improves following liver transplantation (6) supports the notion that hepatic dysfunction is a principal contributor to the pathogenesis of altered glucose tolerance in patients with cirrhosis. Although required by many transplant centers, the need for and impact of strict blood sugar regulation on postoperative outcomes is not well established.
A standard measure of diabetic control is hemoglobin A1c (HbA1C), which corresponds to the percentage of hemoglobin that is irreversibly glycosylated. (8) Maintenance of HbA1C levels below 7%
has been associated with a decrease in microvascular complications (9, 10) and cardiovascular events (11, 12) in individuals with type 2 diabetes mellitus (T2DM). Elevated HbA1C levels have been directly correlated with worse outcomes following vascular, (13) coronary artery bypass, (14) (15) (16) (17) (18) colorectal, (19) and arthroscopic (20) surgeries, including increased rates of superficial and deep wound infections, major cardiovascular events, and in-hospital mortality. With regard to solid organ transplantation, elevated preoperative HbA1C levels have been strongly associated with worse survival in lung transplant recipients (21) and with late onset coronary artery disease (CAD) in the allograft of heart transplant recipients. (22) The effect of aggressive glycemic management in liver transplant candidates on posttransplant outcomes has not been systematically evaluated. Because it is dependent on erythrocyte lifespan, HbA1C has been shown to be a less reliable marker of glucose control in patients with hepatic dysfunction. (23, 24) This is because nutritional deficiencies and vascular shunting enhance erythrocyte survival and falsely elevate HbA1C levels, while hypersplenism, gastrointestinal bleeding, and hemolysis accelerate red blood cell turnover, thereby reducing HbA1C values. Previous studies have shown lower than expected HbA1C levels in patients with chronic liver disease (25, 26) ; this raises concern about the applicability of current HbA1C recommendations in patients with impaired liver function.
In the present study, we assess the predictive value of preoperative HbA1C values on the outcomes of liver transplant recipients and further examine the effect of transplantation on the correlation between blood glucose and HbA1C levels.
Patients and Methods
A retrospective chart review was performed on 184 consecutive patients who underwent liver transplantation at the University of Cincinnati Medical Center between August 2012 and March 2015. Over this time period, a single stable team of four surgeons performed all liver transplant operations, and all allografts were from deceased donors. Biliary reconstruction was performed by end-to-end choledocho-choledochostomy. Patients were excluded from the analysis if they did not have an HbA1C level measured within 3 months prior to liver transplantation (n = 11). If more than one HbA1C level was available, the result obtained closest to the time of transplant was selected.
All patients received standard immunosuppression consisting of corticosteroids, mycophenolate mofetil, and a calcineurin inhibitor (primarily tacrolimus). Goal trough levels for tacrolimus were 10 to 12 ng/ mL for postoperative days (PODs) 1 to 30, 8 to 10 ng/mL for PODs 31 to 180, and 3 to 8 ng/mL thereafter. In patients who could not tolerate tacrolimus, cyclosporine was substituted with goal trough levels 150 to 200 ng/mL, 100 to 150 ng/mL, and 75 to 125 ng/mL, respectively. Mycophenolate mofetil was initiated immediately posttransplantation at a dose of 500 mg every 12 hours and continued indefinitely. Corticosteroids were gradually withdrawn over the first 3 months posttransplant according to the following protocol: intravenous methylprednisolone on PODs 0 to 3, oral prednisone taper from 50 to 20 mg daily over the first week to 10 mg daily over the first month, and then gradually off by POD 90. Liver recipients with impaired renal function or who were on hemodialysis at the time of transplantation aRtiCle inFoRmation:
received thymoglobulin with delayed introduction of tacrolimus starting on POD 7. Deviation from this protocol due to drug side effects/toxicity, infection, malignancy, or acute cellular rejection (ACR) was at the discretion of the treating physician.
Patient outcome measures included death and/or graft loss, hospital length of stay, reoperation (within 3 months of transplant), bile leak, biliary stricture, discharge to home, hospital readmission rates at 3 months and 1 year posttransplant, biopsy-proven ACR, cytomegalovirus viremia (by quantitative polymerase chain reaction), bacteremia or fungemia (positive blood culture), serum creatinine at 1 year (excluding patients on hemodialysis), need for hemodialysis at 1 year, ongoing insulin requirement (at 3 months and 1 year), and body mass index (BMI) at 1 year. Patients were considered to have an anastomotic biliary stricture if endoscopic retrograde cholangiopancreatography revealed an abnormal narrowing at the common bile duct anastomosis and subsequently required stent placement. Patients who died within 24 hours of transplant (n = 4) were censored from the outcome analysis, except for survival calculations. Subgroup analyses were performed on the recipient cohorts with and without T2DM prior to transplantation. Patients with hepatocellular carcinoma (HCC) were analyzed according to their underlying disease in addition to being analyzed as a separate cohort. In subjects who had an available morning blood glucose (MBG; defined as serum glucose drawn prior to 9 am) level obtained within 3 months of both the pretransplant and posttransplant HbA1C, levels were correlated with the HbA1C. If more than one MBG was available, the median MBG value was used. This study was approved by the University of Cincinnati institutional review board (protocol CR4 2013-4309).
statistiCs
Data were analyzed using a computer-based statistical package (SSI SigmaStat; Systat Software, Inc., San Jose, CA). For normally distributed data, one-way analysis of variance with Holm-Sidak post hoc analysis was used to correct for multiple hypothesis testing. For data that were not normally distributed, we used a nonparametric Kruskal-Wallis test. A Pearson Product Moment test was used for correlations between continuous variables. Multivariable analysis was performed by logistic regression that included parameters with correlations of P < 0.10.
Results

DemogRapHiC CoRRelates oF t2Dm in liVeR tRansplant ReCipients
Of the 184 patients who underwent liver transplantation over the study period, 173 had a preoperative HbA1C measured within 3 months of surgery and were included in the analysis. Demographic information for the entire cohort as well as data stratified by presence or absence of pretransplant T2DM are shown in Table 1 . The main indications for liver transplantation were chronic hepatitis C, alcoholic liver disease, nonalcoholic steatohepatitis (NASH), and/or HCC ( Fig. 1 ). Compared to recipients without diabetes, those with T2DM were significantly older, more often Caucasian, and more likely to have received a dual organ (liver-kidney) transplant. Patients with T2DM were also more likely to have CAD, higher HbA1C levels, and NASH as the indication for transplant. Median follow-up for the entire cohort was 2.1 years (range, 0-3.8 years). Follow-up was slightly longer in patients without T2DM compared to those with T2DM (2.3 versus 1.8 years, P = 0.023).
outComes oF liVeR tRansplant in ReCipients WitH anD WitHout t2Dm
Liver transplant outcomes for the entire population as well as for the cohorts with and without diabetes are displayed in Table 2 . Compared to recipients without diabetes, those with T2DM had significantly higher creatinine (1.36 versus 1.19 mg/dL, respectively; P = 0.012) and BMI values (30.1 versus 28.3; P = 0.030) 1 year posttransplant and were more likely to develop an anastomotic biliary stricture (24.5% versus 11.1%; P = 0.025). Notably, all biliary strictures identified in the entire patient cohort were at the site of the choledocho-choledochostomy anastomosis. Patients with diabetes also had significantly higher readmission rates within 3 months of transplantation (66.0% versus 48.7%; P = 0.041) and were more likely to require insulin at both 3 months (97.9% versus 51.3%; P < 0.001) and 1 year (89.1% versus 8.0%; P < 0.001). We found no association between T2DM and transplant-free survival, postoperative infection (either bacterial, fungal, or viral), length of posttransplant hospitalization, or re-operation rate.
CoRRelates oF pRetRansplant Hba1C leVels
In the total cohort, pretransplant HbA1C correlated with T2DM, age, BMI, CAD, serum albumin and hemoglobin levels, and NASH as the indication for transplantation (Table 3 ). The only factor negatively associated with HbA1C was the native Model for End-Stage Liver Disease (MELD). A correlation between HbA1C and serum albumin was found in both liver recipients with diabetes and recipients without diabetes. In recipients with T2DM, HbA1C also correlated directly with BMI and inversely with native MELD and alcohol as an indication for transplant. Unique to recipients without diabetes were associations between pretransplant HbA1C and age, hemoglobin level, and HCC. With regard to transplant outcomes in the entire patient cohort (Table 4) , pretransplant HbA1C correlated with anastomotic biliary stricture formation (P = 0.015), serum creatinine at 1 year (P = 0.013), HbA1C levels at 3 months (P = 0.019), and the need for insulin therapy at both 3 months (P < 0.001) and 1 year (P < 0.001). These associations were mainly attributable to the subgroup of patients with T2DM, except for serum creatinine at 1 year, which correlated with pretransplant HbA1C levels only in the subgroup without diabetes (P = 0.005).
assoCiation BetWeen pRetRansplant Hba1C anD anastomotiC BiliaRy stRiCtuRes
A significant correlation between pretransplant HbA1C and anastomotic biliary stricture formation (P = 0.022) was confined to those recipients with T2DM ( Fig. 2) . Moreover, in the total cohort (Table 5) , univariate analysis confirmed a significant correlation between anastomotic biliary stricture formation and preoperative T2DM (P = 0.024) as well as with insulin (P = 0.011) and oral hypoglycemic therapy (P = 0.030). By multivariable analysis, employing a model that included patient age, BMI, T2DM, hemoglobin, serum creatinine, dual organ transplant, native MELD, and NASH as the indication for transplant, HbA1C was identified as the only significant correlate of anastomotic biliary stricture formation (P = 0.018). Patients with HbA1C values in the highest quartile exhibited a 2.6-fold increased risk of developing an anastomotic biliary stricture compared with those in the lowest quartile (28.6% versus 10.7%, respectively) (Fig. 3A) .
In the subset of patients with T2DM (Table 5 ), the two significant correlates of anastomotic biliary stricture formation identified by univariable analysis were pretransplant HbA1C level (P = 0.022) and warm ischemia time (P = 0.026). However, on multivariable analysis (taking into account additional correlates with P < 0.1, including dual organ transplant and hemodialysis), only HbA1C remained significantly associated with anastomotic stricture formation (P = 0.048). In support of this finding is the apparent dose-dependent relationship between pretransplant HbA1C and anastomotic biliary strictures in the subgroup of liver recipients with diabetes (Fig. 3B) . Patients in the subgroup without diabetes also exhibited a dose-dependent relationship between HbA1C and biliary stricture formation when analyzed using identical HbA1C ranges as the subgroup with T2DM (Fig. 3C) . Notably, total and warm ischemia times, as well as the proportion of patients receiving a donation after cardiac death organ were similar between patients with and without diabetes (Table 1A,B) . None of the patients with T2DM received a transplant for acute liver failure or developed hepatic artery thrombosis (HAT) following transplantation ( Fig. 1 ; Table 2A ). There were no associations between anastomotic biliary stricture formation and pre-operative MELD score, recipient age, HAT, bile leak, or ACR.
CoRRelates oF Renal FunCtion 1 yeaR aFteR liVeR tRansplantation
Liver recipients with pretransplant T2DM manifested significantly higher creatinine levels 1 year Because some patients had more than one indication, the total percentage exceeds 100. The category "other" includes diagnoses comprising less than 2.5% of cases, including chronic hepatitis B, primary sclerosing cholangitis, primary biliary cholangitis, drug-induced liver disease, polycystic liver disease, cryptogenic cirrhosis, hereditary hemochromatosis, sarcoidosis, human immunodeficiency virus, chronic cellular rejection, and primary graft nonfunction. *NASH as the indication for transplant was significantly more common in patients with T2DM (P < 0.001). Abbreviations: A1AT, alpha-1-antitrypsin; AIH, autoimmune hepatitis; ALF, acute liver failure; EtOH, ethanol; HCV, hepatitis C virus. posttransplant compared to those without diabetes (Table 2B ) despite similar creatinine levels and rates of hemodialysis at baseline (Table 1) . Within the entire cohort (Table 6) , there were significant correlations between serum creatinine at 1 year and both baseline creatinine (P < 0.001) and age at transplantation (P = 0.004). Additional correlates included CAD, NASH as the indication for transplant, pretransplant insulin requirement, and the pretransplant HbA1C level. On multivariable analysis, taking into account all univariate correlates with a P value <0.1, pretransplant creatinine (P < 0.004) and age at transplantation (P < 0.02) were the only independent factors significantly associated with 1-year posttransplant creatinine, both in the entire population as well as in the subgroup with diabetes. In the subgroup with T2DM, there was no correlation between 1-year serum creatinine and either pretransplant or posttransplant measures of diabetic control (e.g., HbA1C level, need for insulin).
In the subgroup of patients without diabetes, there was a significant association between pretransplant HbA1C levels and creatinine at 1 year. This finding was validated on multivariable analysis, demonstrating that male sex (P = 0.041), pretransplant creatinine (P < 0.001), and HbA1C (P = 0.01) were the only significant correlates of 1-year creatinine.
CoRRelation oF HBa1C WitH mBg leVels BeFoRe anD aFteR tRansplantation
In the entire cohort, 63 patients had both HbA1C and MBG levels measured both before and after liver pretransplant BMI (P = 0.043), and the need for insulin at 1 year posttransplant (P = 0.009). Although there was a strong association between HbA1C and median MBG levels both before and after transplantation (P < 0.0001), the correlation was tighter (Fig. 4) and HbA1C values higher (Fig. 5) posttransplant. The improved correlation between HbA1C levels and MBG posttransplant was more pronounced in the cohort without diabetes (Fig. 6) , as evidenced by a significant increase in median HbA1C levels (Fig. 7) .
Discussion
It is generally held that patients with diabetes mellitus have poorer outcomes following solid organ transplantation than those without diabetes. In liver transplant recipients, however, findings have been inconsistent, with some investigators reporting reduced 3-to 5-year survival and increased infectious and renal complications whereas others have shown minimal impact on outcomes. (27) (28) (29) (30) (31) (32) (33) We speculate that these discrepant results are due to several factors, including the effectiveness of pretransplant and posttransplant diabetic control, the duration of follow-up, and differences in patient selection, surgical technique, and medical management (both within and across studies). In the present analysis, we found that liver recipients with a history of T2DM had generally good outcomes although when compared to patients without diabetes were more likely to be readmitted within Abbreviation: HCV, hepatitis C virus. 3 months of transplantation, to develop an anastomotic biliary stricture, and to have a higher BMI and ongoing insulin requirement at 1 year. Consistent with previous case-control studies, (27, 31) we also noted that liver recipients with diabetes had significantly higher creatinine levels 1 year posttransplant. The presence of T2DM was not associated with nosocomial infections, length of stay, discharge disposition, or transplant-free survival.
A potential reason for the discrepant outcome data in previous reports for liver transplant recipients with T2DM is that most analyses did not consider the effect of pretransplant and posttransplant glycemic control. Our study is the first to specifically examine the correlation between HbA1C levels and liver transplant outcomes. The only prior investigation to address the impact of preoperative glycemia was by Katsura et al., (34) who found that a preoperative fasting glucose of more than 100 mg/dL was associated with reduced 5-year (but not 1-year or 3-year) survival. We identified very few short-term adverse outcomes associated with pretransplant HbA1C in liver recipients with diabetes, namely the development of anastomotic biliary strictures and the need for insulin at 3 months and at 1 year. Consistent with prior studies, (27, 31) we found that the serum creatinine at 1 year following liver transplant was higher in recipients with T2DM. There was no association with pretransplant or posttransplant HbA1C levels, suggesting that glycemic control is not a major determinant of renal function early posttransplant. Multivariable correlates of posttransplant creatinine were patient age and pretransplant creatinine level. Although recipients with T2DM had similar creatinine levels to recipients without diabetes at the time of transplant, those with diabetes were significantly older, which could explain (at least in part) the higher 1-year creatinine in this cohort. Patients with diabetes may also be more susceptible to calcineurin inhibitor nephrotoxicity, but as all the subjects in our cohort received calcineurin inhibitors, it was not possible to assess this hypothesis. Counterintuitively, we found that posttransplant creatinine strongly correlated with pretransplant HbA1C levels in subjects without diabetes. We speculate this is because HbA1C is serving as a marker of undiagnosed diabetes mellitus in this cohort. Also noteworthy is the strong association between HbA1C levels and the diagnosis of HCC, a finding that is concordant with a growing body of literature. (35, 36) Our most unexpected observation was the significant correlation between pretransplant HbA1C and the risk of anastomotic biliary stricture formation in liver recipients with diabetes mellitus. Although a number of donor and recipient factors have been suggested to increase the risk of anastomotic strictures, (37, 38) this is the first description of an association with glucose intolerance. The strong correlation between biliary strictures and markers of diabetes as well as the apparent dose dependency with pretransplant HbA1C lend credence to the likelihood of a substantive effect. The absence of a significant association between biliary strictures and the HbA1C level 3 months and 1 year posttransplant suggests that posttransplant glycemic control is not a major determinate of stricture formation. In light of the well-established microvascular complications of diabetes mellitus, which are known to occur more commonly in patients with elevated HbA1C, (39) it seems plausible that such individuals would manifest an increased susceptibility to local ischemia at the site of surgical anastomosis. In support of this contention, Iacob et al. (40) identified a strong correlation between biliary stricture formation and the fractalkine receptor C-X3-C motif chemokine receptor 1 (CX3CR1)-249II allele in a cohort of 162 liver transplant recipients. CX3CR1 is the receptor for C-X3-C motif chemokine ligand 1 (CX3CL1), a chemokine that mediates angiogenesis. (41, 42) Because the CX3CR1 V249I polymorphism disrupts CX3CL1 binding, the II genotype would be expected to manifest impaired microvascular ingrowth, thereby augmenting the risk of stricture formation. Indeed, the V249I polymorphism has been associated with fibrostenotic disease behavior in patients with Crohn's disease. (43) Because individuals with T2DM have an increased frequency of the V249I polymorphism, (44) we speculate that this could contribute to a higher incidence of anastomotic biliary strictures. If our finding is validated in other liver transplant cohorts, it raises the possibility that more aggressive preoperative glycemic control could ameliorate the risk of anastomotic biliary stricture formation.
Achievement of optimal blood glucose control in patients awaiting liver transplantation is challenging because the metabolic and hematologic derangements associated with advanced liver disease reduce the reliability of the most commonly employed longterm measures of glycemia, including HbA1C, (25, 26, 45) fructosamine, (46) and glycated albumin (GA). (25, 47) To address this problem, Koga et al. (25) formulated a chronic liver disease A1C (CLD-A1C) comprising the average of HbA1C and GA/3. Although these authors showed that CLD-A1C demonstrated improved accuracy over HbA1C or GA in estimating glycemic control in patients with cirrhosis, this finding has yet to be validated in larger cohorts, and thus the CLD-A1C has not been widely adopted.
Continuous glucose monitoring would provide more accurate information regarding glycemic control in patients with advanced liver disease but is not used in routine practice. Our finding that HbA1C levels are significantly lower in patients before liver transplant versus those after liver transplant despite similar blood glucose levels is in line with other reports. (23) (24) (25) (26) Notwithstanding the limitation of using MBG as a surrogate for fasting glucose levels, our study demonstrates that a robust correlation between HbA1C and MBG persists in patients with advanced liver disease, particularly in those with diabetes.
There are a number of limitations of the present study. The relatively short duration of follow-up (median 1.8 years for patients with T2DM) does not permit reliable assessment of the effect of glycemic control on longer term survival and cardiovascular and renal complications. In comparison with national averages, the transplant population at our center is skewed toward Caucasians and lower MELD scores, potentially impacting the generalizability of our findings. Attempts were made to mitigate against selection bias by including all transplant recipients over the study period. Because of the retrospective nature of the study, we used MBG as a surrogate fasting blood glucose (FBG). Despite potential shortcomings of this approach, the correlation between MBG and HbA1C were remarkably concordant with published data for FBG and HbA1C. Although a smaller subset of liver recipients was used to analyze the correlation between MBG and HbA1C, this cohort had statistically similar demographics to the entire study population. A key strength of our analysis is that the team of surgeons and immunosuppression protocols were stable and consistent throughout the study period, minimizing the impact of these factors on outcome measures.
In summary, although pretransplant HbA1C is a relatively poor predictor of most short-term outcomes of liver transplantation, recipients with higher HbA1C levels appear to be at increased risk for biliary stricture formation and long-term insulin requirement posttransplant. It remains to be determined whether improved pretransplant and posttransplant glycemic control can favorably impact these outcomes.
